With only 1% protein by weight, tooth enamel is the most highly mineralized tissue in mammals. The focus of this study was to evaluate contributions of the proteins on the fracture resistance of this unique structural material. Sections of enamel were obtained from the cusps of human molars and the crack growth resistance was quantified using a conventional fracture mechanics approach with complementary finite element analysis. In selected specimens the proteins were extracted using a potassium hydroxide treatment. Removal of the proteins resulted in approximately 40% decrease in the fracture toughness with respect to the fully proteinized control. The loss of organic content was most detrimental to the extrinsic toughening mechanisms, causing over 80% reduction in their contribution to the total energy to fracture. This degradation occurred by embrittlement of the unbroken bridging ligaments and consequent reduction in the crack closure stress. Although the organic content of tooth enamel is very small, it is essential to crack growth toughening by facilitating the formation of unbroken ligaments and in fortifying their potency. Replicating functions of the organic content will be critical to the successful development of bio-inspired materials that are designed for fracture resistance.
Introduction
Hard biological tissues are structural materials that are constructed from a combination of minerals and organic substances. Owing to their constituents and complex microstructure, these materials are often classified as biological composites [1, 2] . In general, the hardness and stiffness of these materials have been found to correlate with the degree of mineral concentration [3, 4] . But despite the high mineral content, they often exhibit a combination of strength and toughness that far exceeds those properties of the individual constituents [5] [6] [7] .
There are several ''very'' highly mineralized biological materials, including seashells (nacre), sea urchin spines and dental enamel, with organic content of less than 5% by weight. These materials are in a special class. According to their mineral content they would be expected to exhibit predominately brittle behavior and low fracture resistance. However, experimental studies on dental enamel [8] [9] [10] and sea shells [11] [12] [13] show that they possess fracture toughness comparable to, or even greater than that of some tough ceramics. Apparently, the secret to this performance is attributed to the complex hierarchical structure and the functions of the organic material residing at the interfaces of the mineral components [13] [14] [15] [16] .
Based on their mechanical behavior, natural materials are serving as models in the design of new structural materials. In fact, several bio-inspired materials have been developed using novel approaches [17] [18] [19] [20] [21] [22] . But while the degree of improvement in the strength and toughness of these bio-inspired materials is promising, it is not substantially greater than that of their constituents. Something is missing! The two mostly likely sources for the disparity in performance is a lower degree of structural hierarchy in the bioinspired systems, and the absence of an organic interface. Several studies have explored the importance of structural hierarchy to the toughness of materials [9, [23] [24] [25] [26] [27] . Collectively they have found that toughening in natural composites occurs at various length scales. The level of hierarchy assists in desensitizing the microstructure to intrinsic flaws via optimizing the aspect ratio of mineral-protein structures and the crystal size [23, 25, 28] organic content serves a wide range of functions. For instance, in hard tissues the proteins provide sites for nucleation and mineralization during the development process [29] . Of course, proteins also function as a cohesive medium facilitating stress transfer between the mineral constituents [30, 31] . As such, they play an important role on the mechanical behavior of natural materials including their capacity for viscoelastic/viscoplastic deformation, creep response and toughness [32] [33] [34] [35] [36] [37] [38] . Yet, the specific contribution of the proteins in bestowing toughness to these materials is not clearly understood.
Within the group of highly mineralized materials, tooth enamel is nearly 96% mineral by weight, with the remainder consisting of a combination of organic proteins (1%) and water (3%) [39] . The mineral consists of carbonated hydroxyapatite crystals that are arranged into an assembly forming long keyhole-shaped rods with an approximate diameter of 4-8 lm, depending on location [40] .
The microstructure of enamel is dominated by the rods (also regarded as prisms), which are combined with a spatially varying amount of inter-rod substances at their interface [40] . The crystal orientation within the rods varies spatially as well. Within the head region the crystals are aligned with the longitudinal axis, whereas those in the tail (or inter-rod) region are oriented obliquely [41] . The interface between adjacent rods is separated by a narrow zone sometimes referred to as the rod sheath, and consists of crystallites with less well-defined orientation and a slightly higher degree of organic content. Overall, the proteins serve as the cohesive material between adjacent crystallites and, to a greater extent, at the rod interfaces as well [39] . There are also some spatial variations in the distribution of the enamel rods. Closest to the tooth's surface the rods extend toward the Dentin Enamel Junction (DEJ) in nearly parallel arrangement. Beyond approximately one third the distance from the tooth's surface to the DEJ they follow a complex decussating structure [42, 43] . Rod decussation leads to the appearance of alternating bands of reflected light in light microscopy, which are known as ''Hunter Schreger bands'' after their first observers [44] .
Tooth enamel undergoes an increase in resistance to fracture with crack extension and achieves a fracture toughness ranging between 2 and 4 [8, 9] . This response has been attributed to a synergistic contribution of various energy dissipation mechanisms that arise from the hierarchical structure, which stem from decussation of the enamel rods and the organic content [8, 9, 45, 46] . Although the enamel proteins are considered a principal contributor to the toughness, no study has performed a quantitative assessment of their contributions to the fracture process. This study explores the importance of the enamel proteins to the fracture resistance of this tissue for the first time, and quantifies their contributions to the fracture toughness of this highly mineralized material.
Materials and methods
Caries free human third molars were obtained from participating clinics in the state of Maryland according to an approved protocol (Y04DA23151) issued by the Institutional Review Board of the University of Maryland Baltimore County. The teeth were placed in Hanks Balanced Salt Solution (HBSS) at extraction with the record of donor age and gender. All of the teeth were obtained from donors between 17 and 25 years of age. Each tooth was inspected by transillumination method at receipt, and those with signs of visible damage or decay were discarded. Within one month of extraction the selected teeth were sectioned using a slicer/grinder under water-based coolant using diamond abrasive slicing wheels as outlined in Yahyazadehfar et al. [10] . Sectioning was performed to obtain cubes of cuspal enamel approximately 2 Â 2 Â 2 mm 3 (one from each tooth) as shown in Fig. 1(a) .
The fracture resistance was characterized in two conditions, namely as sectioned (i.e., the control) and after removal of the proteins (i.e., deproteinized). To achieve the second group, selected enamel cubes from the donor teeth were submerged in a Potassium Hydroxide (KOH) solution with normality of 2.0 and pH level of 11.6. The necessary duration of submersion was assessed by monitoring the concentration of dissolved proteins in the solution using UV-Vis spectrophotometry (BioTek, Epoch microplate spectrophotometer). This technique enables a determination of the concentration of proteins in the solution by measuring the optical absorbance of amino acids (fragments of proteins) at a certain wavelength. A wavelength of 280 nm was chosen for the present study after Stoscheck [47] . Each enamel sample was stored in a separate closed container with 100 lL of KOH to avoid evaporation of the solution. The protein concentration in the solution was measured every day for nine consecutive days. Daily measurements showed that the concentration of proteins in the KOH solution was very low (close to zero) for the first four days. After seven days the protein concentrations reached a range of between 0.20 and 0.38 mg/mL, which plateaued by the ninth day. The measured values of protein in the solution were consistent with the theoretical concentration expected for the volume of enamel cubes, which confirmed that the treated enamel was fully deproteinized by the KOH exposure period.
To characterize the fracture resistance, the sectioned enamel cubes of the control and treated groups were molded within a commercial dental resin composite (Vit-l-escence, Ultra dent Products, Inc., South Jordan, UT, USA) according to Fig. 1(b) . Detailed descriptions of this process have been described elsewhere [8, 45] . Additional features were introduced to the molded sections to achieve a Compact Tension (CT) specimen geometry, including a back channel (1 mm deep) and two holes to enable Mode I loading. The reduced thickness at the back-channel reduces the opening mode load necessary to achieve crack initiation and growth, while maintaining an acceptable surface area for bonding to the inset enamel. Lastly, a chevron notch was introduced in the inset enamel cube using a razor blade and diamond paste after [8, 10] . A total of 30 specimens were prepared for the evaluation.
The crack growth resistance was evaluated in two orthogonal directions, including parallel to the axis of the rods (longitudinal) and perpendicular to the rods (transverse). Both directions involve crack growth occurring in plane with the rods as evident in Fig. 1(c) . A total of 12 deproteinized specimens were evaluated including the longitudinal (n = 5) and transverse (n = 7) directions. For the control condition, 18 specimens were evaluated in the longitudinal (n = 11) and transverse (n = 7) directions. In those prepared with transverse orientation, sectioning was performed to achieve crack growth in the outer enamel (closest to occlusal surface). Results from some of the experiments on the control specimens were also utilized in [10] for an evaluation of the anisotropy in crack growth of enamel.
To develop a sharp and well-defined crack from the prepared notch, all of the specimens were subjected to an initial period of cyclic loading using a commercial universal testing frame (Enduratec, Model 3100, Eden Prairie, MN, USA) equipped with a 40 N load cell. Thereafter, incremental monotonic loading was conducted to achieve stable crack growth using a dedicated universal testing system complemented with a microscopic imaging system (Optem zoom 70XL 391940, QIOPTIQ, Luxembourg). The initial loading sequence was conducted with 1 N increments followed by a small degree of unloading ($0.2 N) until the onset of crack extension. Thereafter, the loading was conducted using 0.5 N increments until the point of instability. Hydration of the samples was maintained during loading using a saturated cotton swab that cradled the specimen and retained moisture applied with an eyedropper of HBSS. Digital images were acquired during each stage of loading to identify the displacement field and crack lengths using Digital Image Correlation (DIC). A detailed description of the microscopic DIC process and its application to these experiments is given elsewhere [48] . In short, the Crack Opening Displacement (COD) distributions were obtained and used to precisely identify the crack tip from the location of zero opening-mode displacement.
Using the crack length measurements and corresponding opening mode load from the incremental loading experiments, the stress intensity (K I ) distribution was calculated according to [44] :
where P is the opening load (Newtons) and the quantities a, B, B ⁄ and W are measures of the specimen geometry as illustrated in Fig. 1(b) . The stress intensity distribution is a function of the elastic modulus and Poisson's ratio of the inset (E 1 , m 1 ) and molding materials (E 2 , m 2 ) as defined in Eq. (1). There is a wide range of mechanical properties reported in the literature for enamel. For example, the elastic modulus and hardness of enamel range between 17-120 and 1-6 GPa, respectively (e.g., [46, [49] [50] [51] [52] ). The wide range of reported values is associated with testing being conducted at various length scales, as well as due to the differences in testing methods. Nevertheless, the upper range in the values of modulus has been obtained by nanoindentation. Within the finite element study, the elastic modulus and Poisson's ratio were assigned as 30 GPa, and 0.29, respectively which are in accordance with the macro-scale mechanical properties [46, 54] . These two quantities for the molding material corresponded to the resin composite and were 6 GPa, and 0.33 according to Yahyazadehfar et al. [53] . Eq. (1) is a function of a = a/W and the term k which is given by:
Following completion of the experiments, the fracture surfaces of the specimens were evaluated using Scanning Electron Microscopy (SEM: JEOL JSM 5600 and HITACHI S4700). Additional sacrificial specimens were also prepared and tested to a sub-critical crack length for documenting the participating toughening mechanisms. For these specimens the crack face was polished prior to the testing with 3 and 0.1 lm diamond particle suspensions and etched with 35% phosphoric acid for 10 s to enhance the observation of microstructure.
For the specimens used in evaluating crack growth in the transverse direction, the width spanned the distance from the DEJ to the occlusal surface of the donor teeth. As such, the fracture surface consisted of a combination of decussated and non-decussated enamel. Decussation of the enamel rods is critical to the fracture resistance of enamel [9, 53, 55] . Thus, the specimens in this group were evaluated post-failure using the SEM to quantify the degree of decussation (D) from the ratio of decussated fracture area to total fracture area [53] . The estimates of D for each specimen with transverse orientation provided an objective measure of rod characteristics that were used to differentiate those most representative of outer enamel. Only those specimens with D 6 40% were accepted for the present study. The average degree of decussation for the control and deproteinized groups was 21 ± 7% and 34 ± 4%, respectively. A two-way analysis of variance (ANOVA) and TukeyKramer tests were performed to identify significant differences between the measures of fracture resistance as a function of orientation and proteins; significance was identified by p 6 0.05. A post hoc power analysis was performed and showed that the number of samples evaluated in each of the groups was adequate to avoid type I errors.
Finite element analysis
To quantify the contribution of extrinsic and intrinsic mechanisms to the fracture resistance, a hybrid approach was adopted in which results from the experiments were used as the solution for a finite element model of the fracture process. Briefly, a 2D half model of the enamel inset CT specimen (Fig. 2a) was developed using commercial software (ABAQUS Standard, Version 6.9, Dassault Systems). The half-model was constructed according to the dimensions of specimens in the experiments, and consisted of approximately 3500 8-node quadrilateral plane strain elements (CPE8R). A mesh convergence analysis was performed to determine an adequate mesh density. The crack was defined on the symmetry plane of the model and a symmetric condition was applied to the portion that remained intact (i.e., region without crack). At the crack tip the mesh consisted of concentric arcs of quadrilateral elements collapsed down to triangles at the crack tip to define the singularity condition (Fig. 2b) . This approach allows a smooth transition between the region requiring fine mesh and the coarser mesh further away.
To account for inelastic deformation ahead of the crack tip the constitutive behavior of enamel was defined using the RambergOsgood model. The one dimensional Ramberg-Osgood plasticity model is defined as [56] :
where r and e are the stress and strain, respectively, r o is the yield stress, E is Young's modulus, a is the yield offset and n is the hardening exponent for the plastic (nonlinear) term (where n > 1). A stress-strain curve has not been reported for macro-scale tensile loading of enamel in the literature. Hence, a stress-strain curve was defined for the model (Fig. 2(c) ) with elastic modulus of 30 GPa [46, 54] and yield strength of 30 MPa after Lawn and Lee [57] . Due to the brittle nature of enamel, the inelastic strain to failure is expected to be very small. The two parameters of a and n in the Ramberg-Osgood model were estimated by curve fitting to be 0.86 and 20.14, respectively.
The cohesive zone behind the crack tip was simulated with a series of non-linear spring elements distributed with a constant distance of 25 lm from one another. The length of the cohesive zone was defined according to experimental observations of the bridging zone, which ranged from 400 to 1000 lm, and varied according to the crack direction and length. The near-tip COD distributions obtained from the experimental measurements were used as a solution for stable crack growth simulated using the finite element model. By definition the springs consisted of three components of behavior including damage initiation, damage evolution, and failure as shown in Fig. 2(d) . The final constitutive behavior of the springs was determined using an iterative process. Briefly, the parameters defining constitutive behavior of the springs were modified until the experimental and the numerical COD profiles reached agreement within a 5% difference. The remaining spring loads were documented and the corresponding bridging stresses were calculated by dividing the spring load by the effective area of the springs. Separate finite element models were developed for the longitudinal and transverse directions of crack growth and for the selected crack lengths examined. Each of the models was used to determine the cohesive zone bridging stress distribution and to calculate the contribution of extrinsic and intrinsic mechanisms to the fracture process.
After achieving agreement between the experimental and numerical COD profiles, the J-integral for each specimen was estimated numerically using a defined set of 15 contours surrounding the crack tip [58] . Moreover, the energy absorbed by the bridging ligaments and plastic deformation around the crack tip was obtained separately. The total J-integral was calculated according to: 
where J tip corresponds to the J-integral due to elastic deformation (i.e., LEFM), J pl accounts for the energy spent by plastic deformation around the crack tip (intrinsic toughening), and the last term in this equation quantifies the energy exhausted by the work of the posterior ligaments that are represented in the model by the spring elements (extrinsic toughening). The relative contribution of the intrinsic and extrinsic mechanisms to the fracture resistance was estimated from the ratios of the individual components of energy (i.e., of deformation and the individual toughening mechanisms) to the total energy to fracture (J total ). Differences in the degree of toughening were evaluated for the two crack growth directions and with regard to the protein content. The apparent toughness was then estimated from the J-integral values according to [58] :
where J is either J tip or J total for estimation of the linear elastic (K c ) or effective (K eff ) fracture toughness, respectively, and E
according to the plane strain condition. It is important to note that K eff accounts for contributions of the elastic and inelastic deformation, as well as extrinsic toughening.
Results
Typical load vs load-line displacement curves for quasi-static crack growth within representative control and deproteinized enamel specimens are shown in Fig. 3 . There are two distinctive regions evident in each of these responses. Region I represents pre-loading and the elastic response, whereas Region II contains the incremental crack growth response until the point of instability. The intersection of these two regions is defined by a distinct reduction in load, which occurs at the onset of crack initiation, and is evident in both deproteinized and control responses. A comparison of the curves in Fig. 3 for the two conditions reveals some subtle differences. In general, the initiation of crack growth within the control specimens occurred at loads between 4 and 6 N. The initiation of crack growth in the deproteinized enamel began at slightly lower loads, ranging between 3 and 5 N. Furthermore, the crack growth process in the deproteinized enamel exhibited less stability overall before resulting in catastrophic fracture.
The portion of crack growth history corresponding to stable extension (Region II) of each specimen was used to develop the crack growth resistance curve (i.e., R-curve). A representative Rcurve for an enamel specimen of the deproteinized group is shown in Fig. 4(a) . The responses were quantified in terms of three characteristic parameters including the initiation toughness (K o ), growth toughness (K g ), and apparent fracture toughness (K c ) as highlighted in this figure. A comparison of R-curves for longitudinal crack growth in the control and deproteinized enamel specimens is shown in Fig. 4(b) ; the responses for the transverse direction of growth are shown in Fig. 4(c) . Regardless of the direction, the responses exhibit an increase in the resistance to fracture with crack extension. However, the deproteinized specimens underwent unstable fracture at a lower stress intensity.
A comparison of the crack growth resistance behavior of the enamel specimens as quantified by the R-curve parameters (Fig. 4) is shown in Fig. 5 . Specifically, the average initiation toughness for the control and deproteinized enamel specimens is shown in Fig. 5(a) . There was no significant difference in the values of K o between the two directions of crack growth. However, removal of the proteins caused a significant (25%) reduction in the K o (0.40 6 K o 6 0.62 MPa m 0.5 ) for the longitudinal direction. For the transverse direction, the K o values obtained for the control and deproteinized groups were not significantly different (p > 0.05). A comparison of the average growth toughness for the enamel specimens is shown in Fig. 5(b) . For both directions of crack growth there was a significant difference (p 6 0.05) between the control and deproteinized specimens. Removal of the proteins resulted in nearly 60% reduction of the growth toughness with respect to the control in the longitudinal direction. For the transverse direction the reduction in K g was nearly 70%. As evident from the responses for K c in Fig. 5(c) , removal of the proteins was also detrimental to the apparent fracture toughness. For both directions of crack growth the K c of the deproteinized group was reduced by approximately 40% with respect to the control specimens. Details concerning the mechanisms of toughening operating in the longitudinal direction of crack growth are shown in Fig. 6 . Specifically, the crack path in a control specimen is shown in Fig. 6(a) . Within the outer enamel the cracks followed the rod direction and extended primarily along the interface of adjacent rods. However, as the crack entered the region of decussated rods (i.e., inner enamel) the path of extension became more tortuous. Several different toughening mechanisms were observed at the micro-level (Fig. 6(b) ) including crack bridging constituted by bundles of rods (e.g., Fig. 6(c) ), crack deflection and crack bifurcation imposed by the rod curvature (e.g., Fig. 6(d) ). These mechanistic features are consistent with those identified in previous investigations on the fracture resistance of enamel [9, 10] .
Crack bridges were not limited to the micro-scale, but were observed at lower length scales as well. For example, mineral bridges ( Fig. 7(a) ) were commonly found in the crack wake within both the decussated and non-decussated enamel, and occurred at the interface of adjacent rods. There was also evidence of organic ligaments in the form of protein bridges as shown in Fig. 7(b) and (c). The majority of protein bridges were identified in specimens that underwent longitudinal crack growth and within the ''inner'' enamel, where there is greater protein content [59] [60] [61] . Protein ligaments were identified in both the main crack (Fig. 7(b) ) and peripheral micro-cracks adjacent to the crack tip as shown in Fig. 7(c) .
The crack path within a representative deproteinized enamel specimen and corresponding to the longitudinal direction of extension is shown in Fig. 8(a) . In the outer enamel the cracks primarily extend along the interface of adjacent rods, as observed in the control. However, there were some notable differences in the extension process as the cracks proceeded within the region of decussation. Crack deflection was only observed to a limited extent in the deproteinized specimens as evident in Fig. 8(b) . Rather, crack extension primarily occurred along the plane of maximum opening mode stress despite changes in the rod orientation in the decussated region, which caused fracture of the rods. Moreover, although crack bridges developed as the crack proceeded within the region of decussation (Fig. 8(c) ) they were scant and structurally very weak (consisting of one or two rods). There was no evidence of protein ligament bridges, as expected, and only a small number of active mineral ligaments in peripheral microcracks about the K-dominant region.
The displacement fields obtained from the DIC analysis were used to quantify the crack opening displacement (COD) distribution behind the crack tip. Representative COD distributions for stable cracks (and lengths a 0 P 1.5 mm) just prior instability are shown in Fig. 9 . The COD distributions from the finite element models are presented without the introduction of extrinsic mechanisms of toughening (i.e., ''traction free''), and with assignment of a cohesive zone (i.e., ''cohesive''). A comparison of the COD distributions for enamel with proteins is shown in Fig. 9(a) . Clearly the posterior traction forces of the bridging elements are necessary to achieve agreement with the experimental COD distribution. A similar comparison for the enamel after removal of the proteins is shown in Fig. 9(b) . Although the response for the traction-free model does not agree with the experiment, the discrepancy is less than noted for the control condition. For transverse crack growth there were limited differences in the COD profiles between results of the experiments and traction-free models (not shown), even in the enamel with proteins. Therefore, posterior bridging by unbroken ligaments was not an important part of the fracture process for transverse crack growth.
After achieving agreement between the experimental and numerical COD distributions, the finite element results were used in estimating the energy to fracture and fracture toughness for long cracks ($1.65 mm) in the two crack growth directions. These results are presented in Table 1 for the longitudinal direction of crack growth. Considering the control, the average estimated fracture energy attributed to the bridging ligaments (J br ) and inelastic deformation (J pl ) was approximately 41 ± 4 and 8 ± 0.5 J/m 2 , respectively; the sum of these two components represents approximately 35% of the total energy to fracture (136 ± 11 J/m 2 ).
According to the larger value of J br , enamel is primarily extrinsically toughened. For the deproteinized specimens, the bridging ligaments (J br ) and inelastic deformation (J pl ) contributed approximately 6 ± 2 and 2 ± 0.5 J/m 2 , respectively to the total fracture energy. The sum of these components contributes approximately 15% of the total energy required for crack propagation (45 ± 15 J/ m 2 ). It is important to note that removal of the proteins caused over 60% reduction in the energy release rate. The largest reduction was realized in the contribution of the extrinsic mechanisms of toughening, which decreased by over 80%. When evaluated in terms of the critical stress intensity, removal of the proteins resulted in over 40% reduction in the effective toughness. A summary of the measures of fracture resistance for the transverse direction of crack growth is presented in Table 2 . Removal of the proteins also caused a decrease in the critical energy release rate from 34 ± 14 to 28 ± 11 J/m 2 (a 20% reduction). Yet, in contrast to results for the longitudinal direction, extrinsic toughening had limited contribution to the fracture resistance for both the control or deproteinized enamel. The estimated fracture energy related to inelastic deformation did not exceed 5% of the total energy for crack propagation, even in the control specimens. When evaluated in terms of the effective toughness, there was limited influence of the enamel proteins for transverse crack growth. Removal of the proteins resulted in only 5% reduction in the value of K eff .
Discussion
Regardless of the direction of crack growth, removal of the enamel proteins caused a significant decrease in the fracture resistance. However, the extent of degradation was orientation dependent, and the most substantial changes occurred for cracks extending in the longitudinal direction, i.e., from the occlusal surface toward the DEJ. The largest degradation overall was observed in the growth toughness (Fig. 5) , which was reduced by more than 60%. Although the removal of proteins also caused a decrease in the degree of toughening for crack extension transverse to the rods, the overall reduction in fracture toughness for this orientation was less than 25%. Clearly the importance of organic proteins on the fracture resistance of enamel is direction dependent and warrants further discussion.
One approach for examining the orientation-dependence in fracture resistance is in terms of the anisotropy. For example, the anisotropy in the initiation toughness (ratio of K o for the longitudinal and transverse direction) decreased from approximately 1.3 to 1.0 with removal of proteins. There was essentially no decrease in the degree of anisotropy for the growth toughness after removal of the proteins. The ratio of K g remained near 2.5. Nevertheless, the loss of organic proteins caused a significant decrease in K g for both directions (Fig. 5(b) ). Again, the average K g for the longitudinal direction was reduced by nearly 60%. Regarding the apparent fracture toughness, the degree of anisotropy decreased from approximately 1.6 to 1.3. The reduction in anisotropy reflected in the values of K o and K c is critically important as it diminishes the potency of a key mechanism contributing to the fracture resistance of enamel cusps. Specifically, the anisotropy in toughness serves to deflect cracks extending parallel to the rods and facilitates further energy dissipation by encouraging growth in the transverse direction [10] . That diversion deters cracks from reaching the dentin and the tooth's center, which is critical to tooth survival.
To the authors' knowledge, the present investigation is the first to quantitatively evaluate the importance of proteins on the fracture behavior of enamel, or any of the biological materials in the ''very'' highly mineralized group. He and Swain [62] denatured the proteins in enamel via thermal treatment (i.e., burning) and explored the changes in elastic modulus, hardness and indentation creep response via nanoindentation. The hardness and elastic modulus of enamel have been correlated with the mineral content and the orientation of the apatite crystallites [63] [64] [65] . Results of their study showed that denaturation caused an increase in the elastic modulus and hardness, and essentially eliminated the viscoelastic/creep response. The indentations placed in the burnt samples reportedly exhibited peripheral microcracks, suggesting that the thermal treatment caused embrittlement. Dehydration is an issue with burning, but not with the KOH treatment. Additional advantages of the KOH process include preservation of the crystallinity and that removal of the proteins occurs without oxidation of the minerals [66] . But there are recognized limitations of the KOH treatment as well. While extraction by KOH was considered superior to burning, success of the KOH treatment relied on diffusion of the solution and release of the proteins, which required a relatively long exposure period (9 days). In addition, the 280 nm UV-Vis approach is known to have limited ability to detect low protein concentration in solution and is expected to have contributed to the absence of detected protein concentration in the first few days of treatment. Nevertheless, this technique has been used with success in a prior evaluation of enamel [66] . Future studies aimed at the importance of proteins on the properties of enamel may benefit from adopting more precise techniques for monitoring protein removal and methods for confirming the residual protein content after completion of the treatment.
In the longitudinal direction, crack growth toughening was primarily associated with the extrinsic mechanisms, which constituted over 30% of the total energy to fracture (Table 1) . Indeed, the cracks in this orientation proceed within the inner enamel and encounter the decussated enamel rods. As such, toughening ensues from the formation of unbroken ligament bridges that operate over multiple length scales [8, 9, 45, 67, 68] . These bridges work as a symphony of traction elements that cause development of a distributed posterior traction. The hybrid evaluation enabled an opportunity for further understanding the degradation in these toughening mechanisms with removal of proteins. Estimations for the Crack Closure Stress (CCS) distribution behind the crack tip corresponding to crack extension in the longitudinal direction are shown in Fig. 10(a) ; the results are shown together for the control and deproteinized conditions. The CCS is presented as a function of crack opening displacement (d) in Fig. 10(b) . This distribution represents the effective constitutive behavior (or cohesive law) of the unbroken ligaments as determined from the iterative approach. According to the hybrid evaluation, removal of the proteins reduced the maximum CCS by a factor of two. Interestingly, in the control condition the unbroken ligaments lost their capacity for sustaining traction at just over 4 lm of opening displacement. This value was substantially reduced ($2 lm) for the deproteinized enamel, which suggests that removal of the proteins caused a reduction of the strength of the unbroken ligament bridges as well as a decrease in the capacity for deformation. Hence, removal of the proteins did not change the primary mechanism of toughening it simply reduced its potency. Ang et al. [68] estimated the closure stress for very short cracks induced by Vicker's indentations in bovine enamel. Their assessment adopted the cohesive zone solution of the Dugdale-Muskhelishvili crack model, which assumes that toughening is restricted to bridging stresses behind the crack tip. The estimated bridging stresses ranged from roughly 160 to 800 MPa over a cohesive zone length of 1-10 lm [68] . Clearly the magnitude of closure stresses that develop farther from the crack tip are far smaller.
In highly mineralized biomaterials such as enamel and nacre the proteins are credited with several energy dissipation mechanisms including viscoelastic deformation, crack divergence, crack branching and delamination [38] . The origin of this superior behavior of proteinized systems occurs at the nano-scale of all natural materials comprised of staggered structures [69] . The organic content serves as a natural adhesive that binds the minerals via polymeric bonding and sacrificial bonds [30, 31] . Energy dissipation is achieved through the unfolding of proteins, and provides a significant amount of toughening at the nano-scale [70] . Theoretical models for large aspect ratio mineral crystals combined with protein layers have shown that the systems undergo substantial interfacial shear deformation that is the key to the strength and fracture toughness [24, 35, 71] . In addition, the elastic mismatch of minerals and proteins can foster the development of microcracks, which results in a redistribution of stresses in front of the crack tip [35] . Yet, these theoretical models are unable to predict the actual contribution of protein content on the toughening of enamel. According to Bajaj and Arola [8] , the toughness solely generated by bridging ligaments developed by the enamel proteins is near 0.10 MPa m 0.5 , which is approximately 10% of the intrinsic toughness of enamel. Similarly, estimates for the toughness of proteins active at the interface of mineral platelets in nacre result in values of between 1 and 10 J/m 2 [12, 72] , which are also very low. The comparatively low toughness of the interface guides the crack to more complex microstructural regions that achieve crack arrest via additional toughening mechanisms [72] . The microscopic analysis for the control samples (Fig. 7 ) revealed that crack bridging at the crystallite level consisted of both mineral and protein ligaments. The mineral ligaments consist of several crystallites that are coupled by a thin layer of proteins (e.g., Fig. 7(a) ). During crack propagation, these ligaments contribute to the closure stress distribution and dissipate energy by extension and pullout. The protein ligaments (e.g., Fig. 7(b) and (c)) dissipate energy by molecular unfolding and rupture of the bonds at the intersection with the mineral crystals [33] . In the deproteinized enamel, there was no evidence of protein ligaments in the crack wake. And while mineral bridges were identified in the deproteinized specimens their effectiveness was diminished (Fig. 10(b) ) by the remaining comparatively weak ''sacrificial bonds'' between the crystallites of apatite in the absence of the organic content [30] . The SEM analysis showed that removal of the proteins also influenced the extrinsic toughening mechanisms at greater length scales. At the micro level, the effectiveness of the other extrinsic toughening mechanisms such as crack deflection and crack branching were diminished as well (e.g., Fig. 8(c) ). Recent advances in fabrication methods such as freeze casting [73] , layer by layer deposition [16, 18, 21] , thin film deposition [19] and self-assembly [74, 75] provide opportunities for fabricating new classes of engineering materials. Guided by the microstructure of enamel and its ability to deflect cracks toward regions less threatening, Mirkhalaf et al. [76] introduce millimeter sized key-hole enamel rod patterns on the surface of glass panels by laser cutting. The patterned glass tolerated 200 times greater fracture energy in relation to the regular glass. According to the most recent experimental evaluations the most potent toughening mechanisms in enamel consist of those that originate from the decussation of rods [9, 10] . Thus, future explorations of enamel-inspired structural materials could prove fruitful. It appears that the largest improvements in fracture resistance will be realized by identifying an interfacial material that mimics the constitutive behavior of the proteins and that adheres to the mineral-like components with the same resolve.
Despite the importance of the findings, there are some recognized concerns and limitations. The concerns related to the KOH treatment and monitoring the process of protein extraction were raised and addressed earlier. While it is believed that the protein content was completely removed by the KOH treatment, it was not possible to confirm that through measurements of the protein content afterward. Of additional concern, the cuspal thickness in some teeth was not adequate to section a cube that consisted exclusively of enamel. A few of the longitudinal specimens did include a portion of the DEJ and dentin near the adhesive bond with resin composite in the frontal field, as evident to the right in Figs. 6(a) and 7(a) ). It is important to note that the cracks reached instability at quite a distance before reaching these regions, at least 0.5 mm or greater distance, which was noted from the sharp reduction in opening mode load. Hence, while it is most desirable that the specimens consist entirely of enamel, these features are not expected to have contributed to the fracture resistance of the samples or the R-curve behavior.
It is easy to dwell on the implications of the findings to the fields of materials science and engineering. The removal of only 1% protein results in nearly 40% decrease in the fracture toughness! But the results are of most immediate importance to the field of dentistry. For instance, teeth whitening procedures cause removal of proteins and potentially even demineralize enamel [77] [78] [79] . Post-treatments incorporating mineralizing ions have been added to whitening procedures to help restore the mineral content. This process helps to increase the hardness and elastic modulus to levels that are akin to those prior to the whitening treatment [80] [81] . Yet, removal of the enamel proteins is an irreversible process and there is currently no procedure for replacing the lost proteins. New treatments aimed at replacing the enamel proteins post-whitening may be necessary. A recent preliminary study reported that enamel undergoes a process of crack-healing involving crack closure [82] . The question that arises is whether this healing process is purely cosmetic, or if it also restores the integrity of the tissue as well. Further investigations aimed at understanding the contributions of the enamel proteins to healing and their effectiveness appear warranted.
Conclusions
Based on the results from this investigation, the following conclusions were drawn:
Both the control and deproteinized enamel specimens exhibited rising R-curve behavior in the two directions of crack growth evaluated. However, the deproteinized enamel exhibited substantially less crack growth toughening and lower apparent fracture toughness. Removal of the proteins changed the degree of anisotropy reflected in the fracture resistance. When expressed in terms of the ratio of fracture toughness for the longitudinal and transverse directions, there was a reduction in the degree of anisotropy for both the K o and K c . Thus, the proteins are critically important to enamel's ability to deflect cracks from extending toward the dentin and pulp and continuing growth about the tooth's circumference. For the longitudinal direction of crack growth the enamel is primarily extrinsically toughened. The intrinsic and extrinsic mechanisms of toughening contributed approximately 5% and 30% of the total energy to fracture. However, for the transverse direction of crack growth, extrinsic toughening had minimal contribution to the crack growth resistance. Removal of proteins caused up to 85% reduction in the contribution of extrinsic toughening to the total energy to fracture. This degradation was attributed to embrittlement and weakening of the bridging ligaments, which manifested as a reduction of the crack closure stress. While mineral bridging ligaments were identified in the deproteinized specimens, they appear to have limited effectiveness in resisting crack growth. 
